Exploring the interplay between sunlight, semiconducting minerals, and microorganisms in nature has attracted great attention in recent years. Here we report for the first time the investigation of the interaction between a hematite photoelectrode and Pseudomonas aeruginosa PAO1 under visible light irradiation. Hematite is the most abundant mineral on earth, with a band gap of 2.0 eV. A hematite electrode was electrochemically deposited on fluorine-doped tin oxide (FTO). It was thoroughly characterized by environmental scanning electron microscopy (ESEM), Raman, and UV-Vis spectroscopy, and its prompt response to visible light was determined by linear sweep voltammetry (LSV). Notably, under light illumination, the hematite electrode immersed in a live cell culture was able to produce 240% more photocurrent density than that in the abiotic control of the medium, suggesting a photoenhanced extracellular electron transfer process occurring between hematite and PAO1. Different temperatures of LSV measurements showed bioelectrochemical activity in the system. Furthermore, I-t curves under various conditions demonstrated that both a direct and an indirect electron transferring process occurred between the hematite photoanode and PAO1. Moreover, the indirect electron transferring route was more dominant, which may be mainly attributed to the pyocyanin biosynthesized by PAO1. Our results have expanded our understanding in that in addition to Geobacter and Shewanella it has been shown that more microorganisms are able to perform enhanced extracellular electron transfer with semiconducting minerals under sunlight in nature.
Introduction
The global cycling of organic matter and elements is driven to a great extent by microorganisms with the ability to exchange electrons with extracellular substrates, such as oxidized or reduced soluble and insoluble metals and other microorganisms [1] [2] [3] . Over the past few decades, exploiting the capability of extracellular electron transfer (EET) for microorganisms has attracted great attention in the field of environmental microbiology, geomicrobiology, and even environmental remediation applications [4] [5] [6] . Redox-active minerals, such as those that contain iron and manganese oxide minerals, are abundant in soils and in aquatic and subsurface sediments, which electrically support microbial growth in different kinds of ways [7] . Among a wide variety of Fe oxide minerals, hematite is the most widespread type on earth which has been demonstrated to work as the most common natural electron acceptor for the EET process by dissimilatory metal-reducing microorganisms [8] [9] [10] [11] . However, one significant question has been overlooked in that hematite and some Fe/Mn oxides are
Bacteria and Growth Conditions
Wild-type P. aeruginosa PAO1 was used in this study. The stock solutions of P. aeruginosa PAO1 at −20 • C were aerobically inoculated in 20 mL Luria-Bertani no sodium chloride (LBNS) overnight which had been grown at 37 • C. Then, the cell suspension was inoculated in 2% (v/v) LBNS for 36 h. Finally, inoculated to 50% (v/v) and kept in fed-batch cultivation in a reaction system with a potential of 0.2 V. All of the experiments were carried out at a constant temperature in a humidity incubator (35 ± 1 • C).
Characterization of the Hematite Electrodes
The micro-morphologies of the hematite electrode were observed by an Environmental Scanning Electron Microscope (ESEM) (Quanta EFG 450, FEI Company, Hillsboro, OR, USA). Before observation, the electrode was pasted on an aluminum SEM stub by conductive tapes, then gold was sprayed on the surface using a Denton Desk II Gold Sputter Coater. The ESEM was operated at an accelerating voltage of 20 kV and a work distance of 10.6 mm.
Mineral phase analysis of hematite was measured by Raman spectra (Renishaw inVia Reflex, Renishaw Engineering, Wotton-under-Edge, UK) equipped with a 532 nm laser with laser intensity of 50%. A 50× objective with a long working-distance was used and the diameter of the beam spot was 1 µm approximately. The spectra were calibrated with the peak at 520.5 cm −1 of a silicon wafer.
The optical band gap of the semiconducting hematite electrode was determined by UV-Vis absorption spectroscopy (UV 3600-Plus, Shimadzu Corp., Kyoto, Japan) with transmission mode. All the spectra were subtracted with the baseline of a bare FTO substrate.
Photoresponse and Mott-Schottky plots of the hematite electrode were measured by a quartz cube cell (10 cm × 10 cm × 10 cm) with a conventional three-electrode configuration system. The synthetic hematite photoanode was used as the working electrode, a saturated calomel electrode (SCE, 0.244 V vs. normal hydrogen electrode), and a platinum plate (1 cm × 1 cm) were used as the working, reference and counter electrode, respectively. Linear sweep voltammetry (LSV) was performed in an electrolyte of 0.1 M Na 2 SO 4 + 1.0 M methanol from 0 to 1.0 V and with a scan rate of 2 mV·s −1 . Dark and light conditions were realized by chopped irradiation from an external simulated LED (Light Emitting Diode) with illumination intensity of 40 mW·cm −2 . Mott-Schottky plots were measured at various frequencies of 0.8, 1.0, 1.5 kHz in the same solution as LSV measurement. All the potentials were referred to the SCE electrode unless otherwise stated in this paper.
Reaction System Configuration and Photoelectrochemical Measurements
The light-hematite-PAO1 system was based on a conventional single-chambered microbial fuel cell (with a liquid volume of 60 mL). A three-electrode configuration, including hematite photoanode, a saturated calomel electrode and a platinum plate in the reaction system. The interelectrode distance between the working electrode and the counter electrode was 1 cm.
The electron transfer ability between electrode and P. aeruginosa PAO1 in reaction system was investigated by using a multi-potentiostat (CHI 1000C, CH Instruments Inc., Shanghai, China) at constant temperature of 35 • C. The illumination intensity was 30 mW cm −2 . The average of dark and light currents for "Hem + PAO1", "FTO + PAO1" and abiotic control "FTO + PAO1" were compared with each other. Then, the effect of temperature for hematite/bacteria electrochemical interaction was investigated by keeping the system at 4 • C for 20 min and comparing the value of LSV. The potential range was from 0.2 V to 0.8 V and with a scan rate of 2 mV·s −1 . In addition, more efforts were made to determine if the electron transferring process takes a direct or an indirect route. The I-t curves of the hematite electrode in the system and the replaced new hematite without bacteria on the surface were compared. Furthermore, electrons transferred from theswimming cell and the oxidation of soluble electron shuttles were explored and the current density in "Hem + LBNS + Cells" and "Hem + LBNS" studied. The performance of the supernatant of the live cell culture was investigated by cyclic voltammetry. The potential range was from −0.6 V to 0.2 V vs. Ag/AgCl and with a scan rate of 50 mV·s −1 .
Results and Discussion

Structure and Morphology Characterization of the Hematite Electrode
The hematite electrodes were prepared by electrophoretic deposition on the FTO electrodes (shown by ESEM in Figure 1a ). Microscopic observation revealed the nearly spherical shape of disorderly accumulated nanoparticles, with some nanospheres linked in succession with the size of particles in the range of 40-80 nm. Hematite attributes to the D 6 3d crystal space group with seven expected phonon lines were seen in the Raman spectra, consisting of two A 1g phonon modes and five E g phonon modes [26] . For the Raman spectrum of the synthesized electrode presented in Figure 1b , all notable peaks could be ascribed to hematite, including A 1g phonon modes (225 and 498 cm −1 ), E g phonon modes (247, 295, 413 and 612 cm −1 ) and a second harmonic vibration (1320 cm −1 ). After the hematite electrode was used in the light-hematite-PAO1 system, no new peak was detected in the Raman spectrum, therefore during the experimental process no new mineral was formed suggesting great stability of the hematite electrode. Furthermore, the Fe concentration in the medium was determined by a modified Ferrozine method as previously reported [10] . However, no Fe 2+ was detected indicating the electrode was stable and not dissolving. This indicates a good agreement for the results of the Raman investigation. 
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The hematite electrodes were prepared by electrophoretic deposition on the FTO electrodes (shown by ESEM in Figure 1a ). Microscopic observation revealed the nearly spherical shape of disorderly accumulated nanoparticles, with some nanospheres linked in succession with the size of particles in the range of 40-80 nm. Hematite attributes to the D crystal space group with seven expected phonon lines were seen in the Raman spectra, consisting of two A1g phonon modes and five Eg phonon modes [26] . For the Raman spectrum of the synthesized electrode presented in Figure 1b , all notable peaks could be ascribed to hematite, including A1g phonon modes (225 and 498 cm −1 ), Eg phonon modes (247, 295, 413 and 612 cm −1 ) and a second harmonic vibration (1320 cm −1 ). After the hematite electrode was used in the light-hematite-PAO1 system, no new peak was detected in the Raman spectrum, therefore during the experimental process no new mineral was formed suggesting great stability of the hematite electrode. Furthermore, the Fe concentration in the medium was determined by a modified Ferrozine method as previously reported [10] . However, no Fe 2+ was detected indicating the electrode was stable and not dissolving. This indicates a good agreement for the results of the Raman investigation. Figure 2 (Insert picture) showed the UV-visible absorption spectrum of the hematite electrode. In the wavelength range of 300-700 nm, hematite exhibited a broad absorption. In addition, the maximum absorption wavelength was around 396 nm, and the band gap absorption edge was around 564 nm. The optical absorption of hematite was mainly attributed to indirect transition, although some groups have reported evidence for direct transition [27, 28] . The absorption in the UV region is usually caused by a direct charger transition, corresponding to the ligand-metal transfer from O 2− (2p) to Fe 3+ (3d). As far as the absorption in the visible light region was concerned, this was attributed to an indirect charger transition, due to metal-metal transfer from 2Fe 3+ to Fe 2+ and Fe 4+ [29] . The Tauc plots and absorption spectrum for hematite are shown in Figure 2 . The extrapolated results indicated an allowed indirect band gap of 2.0 eV and an allowed direct band gap of 2.2 eV (λ = 563.6 nm). This was in accordance with the band gap of hematite, and agrees well with the previously reported results [30, 31] . Based on the laboratory findings with different hematite films, we concluded that the hematite electrode was a visible light photoactive material. Figure 2 (Insert picture) showed the UV-visible absorption spectrum of the hematite electrode. In the wavelength range of 300-700 nm, hematite exhibited a broad absorption. In addition, the maximum absorption wavelength was around 396 nm, and the band gap absorption edge was around 564 nm. The optical absorption of hematite was mainly attributed to indirect transition, although some groups have reported evidence for direct transition [27, 28] . The absorption in the UV region is usually caused by a direct charger transition, corresponding to the ligand-metal transfer from O 2− (2p) to Fe 3+ (3d). As far as the absorption in the visible light region was concerned, this was attributed to an indirect charger transition, due to metal-metal transfer from 2Fe 3+ to Fe 2+ and Fe 4+ [29] . The Tauc plots and absorption spectrum for hematite are shown in Figure 2 . The extrapolated results indicated an allowed indirect band gap of 2.0 eV and an allowed direct band gap of 2.2 eV (λ = 563.6 nm). This was in accordance with the band gap of hematite, and agrees well with the previously reported results [30, 31] . Based on the laboratory findings with different hematite films, we concluded that the hematite electrode was a visible light photoactive material. The flatband potential is a fundamental property indicating the band structure of the electrode surface at the electrode-solution interface for a semiconductor-electrolyte system, whose values may be determined electrochemically through Mott-Schottky plots [32] . To estimate the flatband position for the hematite electrode, electrochemical impedance studies were carried out with an electrolyte of 0.1 M Na2SO4 + 1.0 M methanol. The Mott-Schottky equation relates the capacitance of the semiconductor to the carrier concentration (Nd) and the other constants such as the fundamental charge constant (e), vacuum permittivity (ε0), dielectric constant (ε), electrode area (A), and the flatband potential (Efb) as shown in the following Equation (1).
Semiconducting Characteristics of Hematite for Band Gap and Flatband Potential
Plotting 1/C 2 versus V allows the estimation of the flatband which could be calculated from the X-intercept. The characteristic Mott-Schottky plots for the hematite electrode measured at various ac frequencies 0.8, 1.0, and 1.5 kHz are shown in Figure 3 . The positive slope of these lines indicated that the hematite electrode exhibits photoactivity with n-type behavior. Moreover, the value of the flatbands were all located at −0.08 V vs. SCE for all the three measured ac frequencies, indicating that the flatband of the hematite electrode had a very low dispersion potential which was not frequency dependent [30] .
Photoelectrochemical Characteristics of Hematite
With the aim of evaluating the photo-electrochemical properties of the hematite electrode, electrochemical measurements were carried out. Figure 4 shows the LSV curve of the hematite electrode responding to different potentials in dark and visible light illumination conditions. The dark condition showed a very small current approximately equal to zero. Upon light illumination, the measurable photocurrent increased from 2.07 μA at 0.2 V to 13.59 μA at 0.8 V vs. SCE and the photocurrent rapidly went back to the base line when the light was switched off. As a semiconductor, the hematite electrode adsorbed light energy, then photoexcited electrons and holes could be generated. The photocurrent was potential dependent, which increased as the applied potentials were scanned towards a more positive potential indicating that the separation of electronhole pairs was more effective with higher anodic potential, resulting in the increase of the current The flatband potential is a fundamental property indicating the band structure of the electrode surface at the electrode-solution interface for a semiconductor-electrolyte system, whose values may be determined electrochemically through Mott-Schottky plots [32] . To estimate the flatband position for the hematite electrode, electrochemical impedance studies were carried out with an electrolyte of 0.1 M Na 2 SO 4 + 1.0 M methanol. The Mott-Schottky equation relates the capacitance of the semiconductor to the carrier concentration (N d ) and the other constants such as the fundamental charge constant (e), vacuum permittivity (ε 0 ), dielectric constant (ε), electrode area (A), and the flatband potential (E fb ) as shown in the following Equation (1).
With the aim of evaluating the photo-electrochemical properties of the hematite electrode, electrochemical measurements were carried out. Figure 4 shows the LSV curve of the hematite electrode responding to different potentials in dark and visible light illumination conditions. The dark condition showed a very small current approximately equal to zero. Upon light illumination, the measurable photocurrent increased from 2.07 µA at 0.2 V to 13.59 µA at 0.8 V vs. SCE and the photocurrent rapidly went back to the base line when the light was switched off. As a semiconductor, the hematite electrode adsorbed light energy, then photoexcited electrons and holes could be generated. The photocurrent was potential dependent, which increased as the applied potentials were scanned towards a more positive potential indicating that the separation of electron-hole pairs was more effective with higher anodic potential, resulting in the increase of the current output to a certain extent under light illumination [17] . The anodic photocurrents corresponding to the photo-oxidation process indicated that hematite had an n-type semiconducting nature which was in accord with the results of the Mott-Schottky plots. Therefore, based on the results above, we concluded that the hematite electrode was a semiconducting mineral which could be activated by visible light. In addition, after the hematite electrode was used in the reaction system with PAO1, there was no obvious change in the current, which indicated the hematite was stable which was consistent with the results of the Raman spectrum. output to a certain extent under light illumination [17] . The anodic photocurrents corresponding to the photo-oxidation process indicated that hematite had an n-type semiconducting nature which was in accord with the results of the Mott-Schottky plots. Therefore, based on the results above, we concluded that the hematite electrode was a semiconducting mineral which could be activated by visible light. In addition, after the hematite electrode was used in the reaction system with PAO1, there was no obvious change in the current, which indicated the hematite was stable which was consistent with the results of the Raman spectrum. output to a certain extent under light illumination [17] . The anodic photocurrents corresponding to the photo-oxidation process indicated that hematite had an n-type semiconducting nature which was in accord with the results of the Mott-Schottky plots. Therefore, based on the results above, we concluded that the hematite electrode was a semiconducting mineral which could be activated by visible light. In addition, after the hematite electrode was used in the reaction system with PAO1, there was no obvious change in the current, which indicated the hematite was stable which was consistent with the results of the Raman spectrum. 
Enhanced Electron Transfer Capability in the Light-Hematite-PAO1 System
The performance of the hematite photoelectrode in the light-hematite-PAO1 system with or without wild-type PAO1 was studied. The results of the amperometric I-t curves measurements ( Figure 5) showed that, the system produced negligible current without PAO1 in dark conditions. When PAO1 was present, the average current generated was 3.0 ± 0.1 µA/cm 2 and 4.1 ± 0.1 µA/cm 2 at the FTO and hematite electrode surface. The higher value of current in "Hem+PAO1" might be due to the specific surface area of the hematite being much larger than the FTO electrode. In the dark, electron transport was thought to occur in the conduction band Fe(3d) through the hematite electrode, while at this time the charges in the valence band O(2p) were not free-flowing unless excited by light or heat [33] .
With light illumination, the abiotic control generated a measurable average photocurrent of 7.5 ± 0.2 µA/cm 2 in the LBNS electrolyte. In previous studies, a similar incensement of photocurrent density was observed in abiotic control experiments with light illumination, which was attributed to the photocatalytic reactions of the photoelectrode [17, 18] . The average photocurrent output for the light-hematite-PAO1 system reached 18.1 ± 0.2 µA/cm 2 under light illumination, which was almost 2.4 times higher than that of the value of the abiotic control under the same conditions. Moreover, it is worthwhile mentioning that this was only 0.6 µA/cm 2 higher than the dark current in the "FTO + PAO1" experimental group, which suggests that the light had a negligible effect on PAO1. Therefore, the significant enhanced current output in "Hem + PAO1" could be ascribed to the transfer of bioelectrons from PAO1 to the hematite anode and subsequently the external circuit. When the hematite electrode was irradiated by visible light, photoexcited holes prepared at the valence band of the hematite could combine with bioelectrons and more electrons flowed into the external circuit.
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Bioelectrochemistry Activity in the System Influenced by Temperature
To further confirm that the enhanced current was due to bioelectrochemical processes for transferring bioelectrons from PAO1 to hematite anode, the effect of temperature on the hematite/bacteria electrochemical interaction was investigated. After completing the room temperature test, the light-hematite-PAO1 system was kept at 4 °C for 20 min and used for further investigation. LSV in the potential range of 0.2 V to 0.8 V was carried out and the results are shown in Figure 6 . At room temperature, the average dark current was 6.8 μA and the light current increased from 23.7 μA at 0.3 V to 44.7 μA at 0.8 V. In comparison, when the system was cold 
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Direct/Indirect Electron Transfer between the Hematite and PAO1
Previous study showed that direct electron transfer from G. sulfurreducens cells to hematite could occur in the absence of soluble electron shuttles under light [16] . In order to thoroughly investigate the electron transfer process between hematite and PAO1 belonging to a direct or an indirect route, the electrode in system was replaced by a new hematite which had no bacteria on the surface. As shown in Figure 7 (marked as line "New Hem + PAO1"), the value of the current density was nearly invariable in dark conditions. However, the value of the average photocurrent decreased 1.8 μA/cm 2 approximately, which could be attributed to the contribution of direct electron transfer by PAO1 and may be realized by extracellular conductive components (such as pili). Subsequently, the bio-photoanode was observed by light microscopy (Leica DMi8, Leica Microsystems, Wetzlar, Germany), and some bacterial cells were distributed on the hematite surface. The ESEM image of the electrode showed that these cells had a rod-shaped morphology and dispersed randomly ( Figure S1 , Supplementary Matierals). Therefore, some cells stayed on the hematite surface and direct electron transfers occurred in the light-hematite-PAO1 system, however this only accounted for a small proportion.
In order to demonstrate that the indirect electron transfer route played a significant role in the system, the live cell culture was taken out and new LBNS injected into the device. The I-t curves with the new LBNS medium were examined (marker as "Hem + LBNS"). As shown in Figure 7 , the photocurrent density decreased from 19.5 ± 0.5 μA/cm 2 to 7.6 ± 0.3 μA/cm 2 , which comes to a similar level as the abiotic control in Section 3.4. Taking the above results into account, we could conclude that the indirect transfer route of live cell culture may have played a critical role in enhancing 
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In order to demonstrate that the indirect electron transfer route played a significant role in the system, the live cell culture was taken out and new LBNS injected into the device. The I-t curves with the new LBNS medium were examined (marker as "Hem + LBNS"). As shown in Figure 7 , the photocurrent density decreased from 19.5 ± 0.5 µA/cm 2 to 7.6 ± 0.3 µA/cm 2 , which comes to a similar level as the abiotic control in Section 3.4. Taking the above results into account, we could conclude that the indirect transfer route of live cell culture may have played a critical role in enhancing electron transfer. Furthermore, the live cell culture was centrifuged at 10,000 r/min for 5 min, then after removing the supernatant and resuspending the cell pellet into the device containing the new LBNS and new hematite electrode, the current density in "Hem + LBNS + Cells" was only 7.9 ± 0.2 µA/cm 2 with a negligible current growth of less than 0.3 µA/cm 2 compared with the "Hem + LBNS". The results indicated that only a few electrons were probably donated by the swimming cells. Hence, more effort should be made to explore the soluble matters concerning the electron transfer process.
Minerals 2017, 7, 230 9 of 13 electron transfer. Furthermore, the live cell culture was centrifuged at 10,000 r/min for 5 min, then after removing the supernatant and resuspending the cell pellet into the device containing the new LBNS and new hematite electrode, the current density in "Hem + LBNS + Cells" was only 7.9 ± 0.2 μA/cm 2 with a negligible current growth of less than 0.3 μA/cm 2 compared with the "Hem + LBNS". The results indicated that only a few electrons were probably donated by the swimming cells. Hence, more effort should be made to explore the soluble matters concerning the electron transfer process. As reported previously, P. aeruginosa could produce phenazines (such as pyocyanin, 1-hydroxyphenazine, phenazine-1-carboxylate, etc.) as soluble redox mediators to enhance electron transport [23, 34, 35] . Cyclic voltammetry (CV) was used to investigate the performance of supernatant from live cell culture. The results showed that a pair of redox peaks were identified and the positions of the oxidation and reduction peaks were −200 mV and −280 mV vs. Ag/AgCl respectively ( Figure S2 , Supplementary Matierals), suggesting active electron transfer could occur in the supernatant. Moreover, different phenazine compounds had different redox potentials, the CV results were consistent with the value of pyocyanin [35] . On the basis of these results, redox-active pyocyanin may play a significant role for indirect electron transfer between hematite and PAO1 under light. To further confirm that the main soluble redox mediators were pyocyanins, we isolated them successfully in supernatant from centrifuged live cell culture as described elsewhere [36] ( Figure S3, Supplementary Matierals) . To gain more insight, we further confirmed them by surface-enhanced Raman scattering (SERS) measurement. The results well-matched the Raman signals of pyocyanin ( Figure S4, Supplementary Matierals) . Accordingly, we concluded that what really is of consequence in the process of enhanced electron transfer between hematite and PAO1 occurred by the indirect route and probably mainly relies on the soluble pyocyanin biosynthesized by P. aeruginosa PAO1.
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As mentioned above, the research on interactions of light-semiconducting mineral-microorganism systems is still in its infancy. On the one hand, we have the complexity of the system involving both bioelectrogenesis and photocatalysis. Previous studies have shown that under light irradiation TiO 2 could destroy the cellular structure of microorganisms [37] . However, there is no denying that the band gap and positions of the energy bands determined the properties of the semiconductor. As a more moderate semiconductor, it is interesting that hematite preformed a harmonious relationship with different microorganisms. On the other hand, there was thereby an urgent need which was still a significant challenge to study many more bacteria in addition to Geobacter and Shewanella.
Based on the results in this study, the proposed schematic mechanism of visible light enhanced extracellular electron transfer between hematite and PAO1 is shown in Figure 8 . During the process of metabolism, bioelectrons were produced and transferred to the extracellular conductive components. Moreover, soluble electron shuttles were biosynthesized and diffused in solution. In dark conditions, bioelectrons were injected into the Fe(3d) conduction band on the hematite surface and were delivered to the FTO substrate. Under light illumination, the semiconducting property of hematite was activated leading to a better conductivity generating holes in the O(2p) valence band. At the same time, the photoexcited holes in the valence band O(2p) became free-flowing, which could more easily combine with the bioelectrons because of a more positive potential. Then, a more efficient electron transfer process occurred on the surface of the hematite which resulted in a higher current output. Most of the bioelectrons come from pyocyanin and a small proportion of them from the direct transfer route. When the hematite electrode was excited by light, the bioelectrons reacted with the photoexcited holes. With the help of holes on the hematite surface, hematite no longer acted as the electron acceptor. Finally, the bioelectron delivered to the external circuit and was protected rather than dissolving which was confirmed by the results of the Raman, Fe concentration test and LSV of the hematite electrodes. semiconductor. As a more moderate semiconductor, it is interesting that hematite preformed a harmonious relationship with different microorganisms. On the other hand, there was thereby an urgent need which was still a significant challenge to study many more bacteria in addition to Geobacter and Shewanella. Based on the results in this study, the proposed schematic mechanism of visible light enhanced extracellular electron transfer between hematite and PAO1 is shown in Figure 8 . During the process of metabolism, bioelectrons were produced and transferred to the extracellular conductive components. Moreover, soluble electron shuttles were biosynthesized and diffused in solution. In dark conditions, bioelectrons were injected into the Fe(3d) conduction band on the hematite surface and were delivered to the FTO substrate. Under light illumination, the semiconducting property of hematite was activated leading to a better conductivity generating holes in the O(2p) valence band. At the same time, the photoexcited holes in the valence band O(2p) became free-flowing, which could more easily combine with the bioelectrons because of a more positive potential. Then, a more efficient electron transfer process occurred on the surface of the hematite which resulted in a higher current output. Most of the bioelectrons come from pyocyanin and a small proportion of them from the direct transfer route. When the hematite electrode was excited by light, the bioelectrons reacted with the photoexcited holes. With the help of holes on the hematite surface, hematite no longer acted as the electron acceptor. Finally, the bioelectron delivered to the external circuit and was protected rather than dissolving which was confirmed by the results of the Raman, Fe concentration test and LSV of the hematite electrodes. Iron and manganese are common variable valence elements in nature. Due to their distinct redox chemistry with low solubility of the oxidized species from oxyhydroxides, iron and manganese oxide are widely distributed on the surface of the earth's environmental system, such as in desert varnish, soil particles, and ferromanganese crust of weathering [38] [39] [40] . However, their semiconducting properties have been neglected for a long time. The number of prokaryotes on earth has been estimated to be 4−6 × 10 30 cells and they are found nearly everywhere [41] . The interactions between minerals and bacteria under sunlight irradiation have been going on for quite a long geological history. The results of the present study might be helpful to understand the processes of electron transfer related to the interactions between semiconducting minerals and bacteria under sunlight irradiation in earth surface environments. In addition, the investigation of electron transfers between minerals photocatalysis, and microorganisms under solar illumination will probably be useful for solar energy utilization and electricity generation in the future. Iron and manganese are common variable valence elements in nature. Due to their distinct redox chemistry with low solubility of the oxidized species from oxyhydroxides, iron and manganese oxide are widely distributed on the surface of the earth's environmental system, such as in desert varnish, soil particles, and ferromanganese crust of weathering [38] [39] [40] . However, their semiconducting properties have been neglected for a long time. The number of prokaryotes on earth has been estimated to be 4-6 × 10 30 cells and they are found nearly everywhere [41] . The interactions between minerals and bacteria under sunlight irradiation have been going on for quite a long geological history. The results of the present study might be helpful to understand the processes of electron transfer related to the interactions between semiconducting minerals and bacteria under sunlight irradiation in earth surface environments. In addition, the investigation of electron transfers between minerals photocatalysis, and microorganisms under solar illumination will probably be useful for solar energy utilization and electricity generation in the future.
Conclusions
In this study, we investigated for the first time the enhanced electrochemical interaction between hematite photoanode and P. aeruginosa PAO1. Hematite electrode was prepared by anodic electrodeposition, which was characterized by ESEM and Raman spectroscopy. Moreover, UV-Vis spectroscopy was used to determine the value of the band gap and electrochemical techniques indicated that hematite was a photoactive material responsive to visible light. Under light illumination, a photocurrent density output for light-hematite-PAO1 system reached 18.1 ± 0.2 µA/cm 2 , which was almost 2.4 times higher than that in abiotic control. Different temperatures of LSV measurement of the system indicated the enhanced current was due to bioelectrochemical processes. Furthermore, amperometric I-t curves in different mediums showed that both direct and indirect electron transferring process occurred between the hematite photoanode and PAO1. In addition, the indirect route was primary and probably mainly relies on pyocyanin biosynthesized by PAO1. Therefore, in addition to Geobacter and Shewanella, more bacteria are able to perform the enhanced extracellular electron transfer process with semiconducting minerals under light. Our results have expanded our understanding of the EET of microorganisms and the photocatalysis of semiconducting minerals in natural environments. Figure S4 : SERS spectra of pyocyanin isolated from centrifuged supernatant of live cell culture.
